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Optical propertiesAbstract Nanocrystalline Cd1xFexSe thin ﬁlms were successfully deposited onto glass substrates
at temperature 573 K from aqueous solutions of ferric chloride, cadmium chloride and selenium
powder using the chemical spray technique. The structural, morphological, compositional, electrical
and optical characterizations were carried out using X-ray diffractometry (XRD), scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDAX), atomic force microscopy (AFM),
resistivity and optical absorption measurement techniques. The deposited Cd1xFexSe thin ﬁlms
are nanocrystalline in nature with hexagonal lattice. The optical band gap of CdSe thin ﬁlm is of
the order of 1.85 eV and it increases with the compositional parameter ‘x’ and becomes 2.60 eV
for FeSe thin ﬁlm. The electrical resistivity of Cd1xFexSe thin ﬁlms is of the order of 10
6 X cm
and shows variation depending on ‘x’. The thermo-emf measurement conﬁrms n-type conductivity
of Cd1xFexSe thin ﬁlms.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
The synthesis of nanocrystalline materials has attracted the
research community in recent years, as their shape and size
dependent structural, electrical and optical properties makethem interesting for various devices [1–4]. The properties of
nanocrystalline thin ﬁlms differ signiﬁcantly from those of
bulk due to surface and interface effects, which may dominate
the overall behavior of these ﬁlms. The nanocrystalline thin
ﬁlms are of particular interest in the development of solar
selective coatings, solar cells, photoconductors, sensors, nar-
rowband ﬁlters, IR detectors etc. [5]. Nanocrystalline thin ﬁlms
can be prepared by physical as well as chemical methods. In
physical methods, the ﬁlm material is moved from a target
source with some form of energy to the substrate. For that,
it is necessary to transfer the deposit to its gaseous state either
by evaporation or an impact process which is very costly.
However, in chemical methods the ﬁlm formation involves
chemical reactions at the substrate surface or in the vicinity
668 A.U. Ubale, S. Ghause Ibrahimof the substrate. The liquid phase chemical techniques include
electro deposition, chemical bath deposition, electro less
deposition, anodization, spray pyrolysis etc. In the present
work the chemical spray technique has been utilized to deposit
Cd1xFexSe thin ﬁlms.
The II-VI binary semiconducting compounds belonging to
the cadmium chalcogenide family (CdS, CdSe, CdTe) are con-
sidered to be very important materials for photovoltaic applica-
tions [6–8]. Nanocrystalline form of these groups has been a
rapidly growing area of research due to its non-linear optical
properties, luminescent properties, quantum size effect and
other physical and chemical properties. CdSe is a promising
photovoltaic material because of its high absorption coefﬁcient
and nearly optimum band gap energy for the efﬁcient absorp-
tion of light and conversion into electrical power [9–12]. It is
an important material for the development of various modern
technologies of solid state devices such as high efﬁciency thin
ﬁlm transistors and light emitting diodes. Other areas of suc-
cessful applications include photo-detectors, light ampliﬁers,
lasers, gas sensors, large–screen liquid crystal display and pho-
toluminescence response [13]. Another important II–VI group
compound that attracted is FeSe because of its potential appli-
cation as absorber in solar cells [14,15]. The polycrystalline
FeSe thin ﬁlms usually crystallize mainly in tetragonal structure
(PDF-03–0533) with lattice constants (a= 3.77 A˚, c= 5.53 A˚)
or in hexagonal structure (PDF-75–0608) with lattice constants
(a= 3.61 A˚, c= 5.87 A˚) [16]. Various Fe–Se compounds, such
as FeSe, FeSe2, Fe3Se4 and Fe7Se8, etc. attracted more and
more attention because most of them show ferromagnetism
[17–20]. Various reports were available on the growth of CdSe
and FeSe thin ﬁlms by chemical methods [21–23].
CdSe thin ﬁlms have been deposited using different chemi-
cal techniques such as electrodeposition [24,25], spray pyroly-
sis [26], successive ionic layer adsorption and reaction method
[27], vacuum deposition and chemical bath deposition [28] etc.
FeSe thin ﬁlms have also been deposited by using chemical
bath deposition [29] and electrodeposition [30]. However, to
the best of our knowledge there is no report on the growth
of nanocrystalline Cd1xFexSe thin ﬁlms by chemical method.
For the present work the spray pyrolysis method was utilized
to grow Cd1xFexSe thin ﬁlms, as the ﬁlm thickness can be
controlled by this method by optimizing the deposition param-
eters [31,32]. The ﬁlms were characterized to ﬁnd electrical,
structural and optical properties by changing the value of ‘x’
from 0 to 1.2. Experimental details
The spray pyrolysis technique has been applied to deposit a
wide variety of thin ﬁlms useful for various devices such as
solar cells, sensors, and solid oxide fuel cells. The properties
of deposited thin ﬁlm highly depend on the preparation condi-
tions. In the spray method the deposition temperature i.e. sub-
strate temperature is the most critical parameter as it inﬂuences
ﬁlm roughness, cracking, crystallinity, etc. Thus in the present
work several trails were performed to optimize various deposi-
tion parameters which are listed in Table 1. It was observed
that the ﬁlms deposited at 573 K are well adherent and uni-
form, however ﬁlms deposited below were discontinuous and
less adhesive. In addition, the optimized spray rate was found
out to be 6 c.c min1. For the deposition of Cd1xFexSeaqueous solutions of 10 mL 0.1 M ferric chloride, 0.1 M CdCl2
and 0.1 M SeO2 solution were mixed together to prepare spray
solution. The pure Se metal powder was dissolved in HNO3
and then after dehydration redissolved in distilled water to
get 0.1 M SeO2. The entire chemicals used in this work were
of analytical grade (99% purity) supplied by S.D Fine, Mum-
bai. At optimized deposition conditions seven different sets of
ﬁlms were prepared (x= 0, 0.2, 0.4, 0.5, 0.6, 0.8 and 1) by
adjusting the quantity of spray solution. The ﬁlm thickness
was measured by the gravimetric weight difference. The two-
point dc probe method of dark electrical resistivity was used
to study the variation of resistivity with temperature. A copper
block with heating arrangement was used as a sample holder
cum heater along with chromel–alumel thermocouple. To heat
the copper block two strip heaters of 65 W were inserted cen-
trally from the lateral side and the sample was mounted on its
top surface. The structural studies were carried out using Phi-
lips PW 1710 diffractometer, with Cu–Ka radiation of wave-
length 1.5405 A˚. The optical characteristics were studied
using a Lambda 25 UV–VIS spectrophotometer (PerkinElmer)
to ﬁnd band gap energy of Cd1xFexSe thin ﬁlms. The surface
morphological studies were carried out using a JEOL 6380A
scanning electron microscope. The atomic force microscope
(AFM) was used to analyze microstructures by molecular
imaging in two- or three-dimensions.
3. Results and discussion
3.1. Structural analysis
Fig. 1 shows the XRD patterns of the as deposited Cd1xFexSe
thin ﬁlms. The observed ‘d’ values were compared with the
standard data (JCPDS ﬁle CdSe: 80–459,2–230, 77–2307 and
FeSe:75–0608) to conﬁrm the structure of the deposited mate-
rial (Table 2). The spray deposited Cd1xFexSe thin ﬁlms are
nanocrystalline in nature with mixed phases of hexagonal
CdSe and FeSe. The observed diffraction peaks at 2h angles
41.57, 49.52, 63.77, 72.99, 76.10 and 78.143 (marked by
*) correspond to the lattice planes (110), (112), (203),
(212), (300) and (301) due to hexagonal CdSe, however the
diffraction peaks observed at 2h angles 30.70, 50.90,
55.28, 78.49 and 81.27 (marked by #) correspond to lattice
planes (002), (110), (103), (203) and (210) due to hexagonal
FeSe respectively. Since the number of new peaks of hexagonal
CdSe and FeSe appears and disappears depending on compo-
sitional parameter ‘x’, hardly very few number of peaks are
repeated with ‘x’, hence it is concluded that, the orientation
of peaks is very sensitive to ﬁlm composition. The hexagonal
structure of CdSe and FeSe deposited by chemical methods
has been reported by several workers. Thanikaikarasan et al.
[33] have reported hexagonal structure of Fe doped CdSe thin
ﬁlms with (002) as preferred orientation. Pawar et al. [34] have
reported hexagonal polycrystalline nature for Fe doped CdSe
thin ﬁlms deposited by the electrodeposition method. The crys-
tallite size of Cd1xFexSe thin ﬁlms was calculated by using
FWHM data and Debye Scherrer’s formula,
d ¼ k
bcosh
ð1Þ
where d, k, b, and h are the grain size, X-ray wavelength
(0.154 nm), the full width-at-half-maximum and Bragg’s angle,
Table 1 Optimized preparative parameters.
Name of parameter Optimized value
Composition of spray solution 10 mL, 0.1 M Ferric chloride + 10 mL, 0.1 M Cadmium chloride + 20 mL, 0.1 M SeO2
Nature of substrate Amorphous glass
Substrate temperature 573 ± 5 K
Spray rate 6 ml/min
Spray nozzle diameter 0.5 mm
Nozzle to substrate distance 28 cm
110*
112*
203*
300*212*
301*
100#
102* 110*
202*
104* 202#
203# 210#
102# 201* 201# 210* 331*
202#
212* 006*
201#110#
103*102*002#
201* 112#
201#
213*
210#212*
112*
203#110# 103#
102*
101#
002#
100#
*CdSe #FeSe
Figure 1 XRD patterns of composite spray deposited Cd1xFexSe thin ﬁlms: (A) CdSe, (B) Cd0.8Fe0.2Se, (C) Cd0.6Fe0.4Se, (D)
Cd0.5Fe0.5Se, (E) Cd0.4Fe0.6Se, (F) Cd0.2Fe0.8Se and (G) FeSe.
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x= 0 i.e. for CdSe is 36.97 nm and it increases as ‘x’ rises
and becomes 47.02 nm for Cd0.6Fe0.4S and then again
decreases and becomes 30.54 for ‘x’ = 1 i.e. for FeSe (Table 3).
The strain (e) and presence of dislocations strongly inﬂuence
the structural and physical properties of the ﬁlms [35]. The
strain (e) was calculated from the formula,
 ¼ b cos h
4
ð2Þ
The dislocation density (d), deﬁned as the length of disloca-
tion lines per unit volume of the crystal, was evaluated from
the formula [36],
d ¼ 1
d2
ð3Þ
The estimated values of the strain (e) and dislocation den-
sity (d) are given in Table 3. The dislocation density of Cd1x
FexSe is 7.31 · 104 nm2 at x= 0 and decreases to
5.62 · 104 nm2 as ‘x’ rises to 0.5 and then rises to
10.4 · 104 nm2 as ‘x’ becomes 1. The moderate dislocation
density is observed for Cd0.5Fe0.5Se, due to improved mor-
phology with grain structure. However, the density again
increases as ‘x’ rises to 1 as a result of decreased grain size.3.2. Morphology
Scanning electron microscopy (SEM) is a convenient method
for studying the microstructure of thin ﬁlms. Fig. 2 shows,
the SEM images of as deposited Cd1xFexSe thin ﬁlms.
From SEM, it is observed that as-deposited Cd1xFexSe thin
ﬁlm is uniform and porous in nature. At x= 0 growth of
rounded type circular grains on homogeneous background
is observed. At x= 0.2, the growth of cylindrical type
inter–connected grains is observed. This morphology is fur-
ther improved into nanoplates at x= 0.4. However, the
growth of well–developed network of nanotubes is observed
for Cd0.5Fe0.5Se thin ﬁlms. This type of morphology can be
utilized to improve the efﬁciency and quality of various opto-
electric devices. This morphology was again slowly converted
into porous mesh type structure as ‘x’ tends to zero. The var-
iation of morphology with ‘x’ conﬁrms the formation of
Cd1xFexSe alloy ﬁlms. The compositional analysis of the
as-deposited Cd1xFexSe thin ﬁlms was carried out by using
the EDAX technique. The EDAX patterns of Cd1xFexSe
thin ﬁlms are shown in Fig. 3. The elemental analysis was
carried out only for Cd, Fe and Se elements and represented
in Table 4. The elementary analysis supports the ﬁlm
composition.
Table 2 Comparison of observed and standard XRD data of Cd1xFexSe thin ﬁlms. (JCPDS card CdSe: 80–459, 2–230, 77–2307 and
FeSe: 75–0608).
Film Observed data Standard data hkl Phase
2h () d (A˚) 2h () d (A˚)
CdSe 41.578 2.170 41.968 2.151 1 1 0 CdSe
49.529 1.838 49.525 1.839 1 1 2 CdSe
63.771 1.458 63.734 1.459 2 0 3 CdSe
72.992 1.295 72.296 1.305 2 1 2 CdSe
76.104 1.249 76.735 1.241 3 0 0 CdSe
78.143 1.222 78.166 1.221 3 0 1 CdSe
Cd0.8Fe0.2Se 28.988 3.077 28.528 3.126 1 0 0 FeSe
35.821 2.504 35.136 2.552 1 0 2 CdSe
41.606 2.168 41.784 2.160 1 1 0 CdSe
55.874 1.644 55.879 1.644 2 0 2 CdSe
58.074 1.587 58.130 1.585 1 0 4 CdSe
67.852 1.380 67.879 1.379 2 0 2 FeSe
78.489 1.217 78.208 1.221 2 0 3 FeSe
81.275 1.182 81.368 1.181 2 1 0 FeSe
Cd0.6Fe0.4Se 42.524 2.124 42.199 2.139 1 0 2 FeSe
50.743 1.797 50.673 1.800 2 0 1 CdSe
61.376 1.509 61.321 1.510 2 0 1 FeSe
66.309 1.408 66.280 1.409 2 1 0 CdSe
67.246 1.391 67.142 1.394 3 3 1 CdSe
Cd0.5Fe0.5Se 35.641 2.516 35.136 2.552 1 0 2 CdSe
45.982 1.972 45.810 1.979 1 0 3 CdSe
50.387 1.809 50.524 1.805 1 1 0 FeSe
61.411 1.508 61.321 1.510 2 0 1 FeSe
67.823 1.380 67.879 1.379 2 0 2 FeSe
72.585 1.301 72.296 1.305 2 1 2 CdSe
82.491 1.168 82.496 1.168 0 0 6 CdSe
Cd0.4Fe0.6Se 30.686 2.911 30.431 2.935 0 0 2 FeSe
50.353 1.810 50.463 1.807 2 0 1 CdSe
60.453 1.530 60.133 1.537 1 1 2 FeSe
61.343 1.510 61.321 1.510 2 0 1 FeSe
79.386 1.206 79.435 1.205 2 1 3 CdSe
Cd0.2Fe0.8Se 28.973 3.079 28.528 3.126 1 0 0 FeSe
30.627 2.916 30.431 2.935 0 0 2 FeSe
32.606 2.744 32.420 2.759 1 0 1 FeSe
35.118 2.553 35.107 2.554 1 0 2 CdSe
49.859 1.827 49.718 1.832 1 1 2 CdSe
72.633 1.300 72.296 1.305 2 1 2 CdSe
81.275 1.182 81.368 1.181 2 1 0 FeSe
FeSe 30.709 2.909 30.431 2.935 0 0 2 FeSe
50.909 1.792 50.524 1.805 1 1 0 FeSe
55.284 1.660 55.346 1.658 1 0 3 FeSe
78.489 1.217 78.208 1.221 2 0 3 FeSe
81.275 1.182 81.368 1.181 2 1 0 FeSe
670 A.U. Ubale, S. Ghause IbrahimThe surface morphology of the Cd1xFexSe thin ﬁlm was
further analyzed by using atomic force microscopy (AFM).
The AFM measurements of the samples were performed with
diInnova from Veeco Instruments. The quantitative analyses
were carried out using Veeco software. The AFM measure-
ments were performed in tapping mode (for both trace and
retrace information) using silicon nitride tip at ambient tem-
perature. Fig. 4 shows 2D micrographs of Cd1xFexSe thin
ﬁlms. The micrographs, show that the deposited material cov-
ers the whole substrate surface. The porous nature of ﬁlm
increases with ‘x’ and shows maximum porosity at x= 0.5
and then again decreases as ‘x’ rises to 1.3.3. Electrical analysis
The dark electrical resistivity of Cd1xFexSe thin ﬁlms was
measured by using the dc two-point probe method in the tem-
perature range 303 – 513 K. In order to measure electrical
resistivity silver paste was applied to make ohmic contacts to
Cd1xFexSe thin ﬁlms. The nature of contact was checked
up to 30 V by the two-probe method. The I–V characteristics
of Cd1xFexSe/Ag contacts are shown in Fig. 4. The nature
of I–V characteristics is found linear which conﬁrms that silver
produces ohmic contact with Cd1xFexSe. Fig. 5 shows
variation of log (q) with reciprocal of temperature (1/T) for
(A) 1µm (B) 1µm
(C) 1µm (D) 1µm
(G) 1µm
(F) 1µm(E) 1µm
Figure 2 SEM images of spray deposited Cd1xFexSe thin ﬁlms: (A) CdSe, (B) Cd0.8Fe0.2Se, (C) Cd0.6Fe0.4Se, (D) Cd0.5Fe0.5Se, (E)
Cd0.4Fe0.6Se, (F) Cd0.2Fe0.8Se and (G) FeSe.
Table 3 Band gap energy, crystallite size, strain and activation energy of Cd1-xFexSe thin ﬁlms.
Film Compositional parameter ‘x’ Film composition Crystallite size
D (nm)
Dislocation
density d · 104 (nm2)
Strain e · 104
(lin2nm)
Band gap energy
Eg (eV)
Activation
energy Ea (eV)
A 0 CdSe 36.97 7.31 3.5 1.78 0.097
B 0.2 Cd0.8Fe0.2Se 43.80 3.61 3.5 1.82 0.113
C 0.4 Cd0.6Fe0.4Se 47.02 3.48 5.2 1.90 0.094
D 0.5 Cd0.5Fe0.5Se 42.20 5.62 5.9 1.95 0.105
E 0.6 Cd0.4Fe0.6Se 40.82 6.00 6.8 1.98 0.104
F 0.8 Cd0.2Fe0.8Se 35.45 7.96 8.2 2.24 0.113
G 1 FeSe 30.54 10.4 10.9 2.60 0.116
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with an increase in temperature indicating its semiconducting
nature. At x= 0 i.e. for CdSe ﬁlm the electrical resistivity at
room temperature is of the order of 10.7 · 106 Xcm and itbecomes 1.23 · 106 Xcm at x= 1 i.e. for FeSe. These
results are in good agreement with the literature [37].
The straight-line nature of resistivity plots suggests that
the grain boundary limited conduction is the dominant
Figure 3 EDAX spectrum of spray deposited Cd1xFexSe thin ﬁlms: (A) CdSe, (B) Cd0.8Fe0.2Se, (C) Cd0.6Fe0.4Se, (D) Cd0.5Fe0.5Se, (E)
Cd0.4Fe0.6Se, (F) Cd0.2Fe0.8Se and (G) FeSe.
Table 4 Experimental and observed elemental composition in EDAX spectra for as-deposited Cd1-xFexSe thin ﬁlms.
Film Compositional parameter ‘x’ Film composition Final atomic percentage in the ﬁlm by EDAX analysis (%)
Cd Fe Se
A 0 CdSe 51.2 00.0 48.8
B 0.2 Cd0.8Fe0.2Se 37.4 12.8 49.8
C 0.4 Cd0.6Fe0.4Se 35.3 16.5 48.2
D 0.5 Cd0.5Fe0.5Se 30.2 19.5 50.3
E 0.6 Cd0.4Fe0.6Se 27.9 25.2 46.9
F 0.8 Cd0.2Fe0.8Se 21.7 29.9 48.4
G 1 FeSe 00.0 50.4 49.6
672 A.U. Ubale, S. Ghause Ibrahimconduction mechanism. The grain boundaries are the conse-
quence of the imperfections associated with the polycrystalline
ﬁlms.
The thermal activation energy was calculated using the
relation,q ¼ q0expðE0=KTÞ ð4Þwhere, q is resistivity at temperature T, q0 is a constant; K is
Boltzmann constant. The activation energy of CdSe thin ﬁlm
i.e. for x= 0 is of the order 0.0974 eV and it becomes
Figure 4 AFM of Cd1xFexSe ﬁlms: (A) CdSe, (B) Cd0.8Fe0.2Se, (C) Cd0.6Fe0.4Se, (D) Cd0.5Fe0.5Se, (E) Cd0.4Fe0.6Se, (F) Cd0.2Fe0.8Se
and (G) FeSe.
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energy of composite is between 0.097 and 0.113 eV.
The thermo–emf generated across Cd1xFexSe ﬁlms was
measured as a function of temperature difference in the dark
(Fig. 6). The polarity of the generated thermo–emf was
negative at the cold end with respect to the hot end, which con-
ﬁrms that Cd1xFexSe thin ﬁlms are of n–type.
3.4. Optical analysis
The optical absorption studies were carried out in the wave-
length range of 350 to 1100 nm and the absorption spectra
are analyzed to ﬁnd band gap energy of Cd1xFexSe. Fig. 7
shows the variation of optical absorbance (at) of Cd1xFexSe
thin ﬁlms deposited by varying the value of ‘x’, here ‘t’ is ﬁlm
thickness and ‘a’ is the optical absorption coefﬁcient. The var-
iation in absorbance observed is attributed to the ﬁlm
thickness, to what extent ﬁlm is crystallized, the pinhole freesurface and the voids in the ﬁlm. The ﬁlm deposited at
x= 0 i.e. CdSe ﬁlm shows more absorbance, as that of FeSe
ﬁlm.
The nature of transition is determined by using the relation,
a ¼ Aðhu EgÞ
n
hv
ð5Þ
where hm is the photon energy, Eg is the band gap energy, A
and n are constants. For allowed direct transitions n= 1/2
for allowed indirect transitions n= 2.
The plots of (ahm)2 versus hm for Cd1xFexSe thin ﬁlms are
shown in Fig.8. The nature of plots indicates the existence of
direct transition. A ﬁnite energy shift in the absorption edge
of the nanocrystalline material is generally expected toward
higher energy side in the spectrum as that of bulk counterpart.
Fig. 9 shows that, the optical band gap of CdSe ﬁlm is of the
order of 1.78 eV and it increases as the Fe content in Cd1x
FexSe ﬁlm increases and becomes 2.60 eV for FeSe ﬁlm [38].
Figure 5 I–V characteristic of Cd1xFexSe ﬁlms: (A) CdSe, (B)
Cd0.8Fe0.2Se, (C) Cd0.6Fe0.4Se, (D) Cd0.5Fe0.5Se, (E) Cd0.4Fe0.6Se,
(F) Cd0.2Fe0.8Se and (G) FeSe.
Figure 6 Variation of Log of resistivity with 1/T for Cd1xFexSe
ﬁlms: (A) CdSe, (B) Cd0.8Fe0.2Se, (C) Cd0.6Fe0.4Se, (D) Cd0.5
Fe0.5Se, (E) Cd0.4Fe0.6Se, (F) Cd0.2Fe0.8Se and (G) FeSe.
Figure 7 Variation of thermo emf (mV) with temperature
difference for Cd1xFexSe ﬁlms: (A) CdSe, (B) Cd0.8Fe0.2Se, (C)
Cd0.6Fe0.4Se, (D) Cd0.5Fe0.5Se, (E) Cd0.4Fe0.6Se, (F) Cd0.2Fe0.8Se
and (G) FeSe.
Figure 8 Variation of optical absorption vs. wavelength Cd1-
xFexSe ﬁlms: (A) CdSe, (B) Cd0.8Fe0.2Se, (C) Cd0.6Fe0.4Se, (D)
Cd0.5Fe0.5Se, (E) Cd0.4Fe0.6Se, (F) Cd0.2Fe0.8Se and (G) FeSe.
Figure 9 Variation of Band gap of Cd1xFexSe ﬁlms: (A) CdSe,
(B) Cd0.8Fe0.2Se, (C) Cd0.6Fe0.4Se, (D) Cd0.5Fe0.5Se, (E) Cd0.4
Fe0.6Se, (F) Cd0.2Fe0.8Se and (G) FeSe.
674 A.U. Ubale, S. Ghause Ibrahim4. Conclusions
In the present paper, synthesis of nanostructured n-type Cd1x
FexSe thin ﬁlms has been reported by the chemical spray pyro-
lysis technique. The XRD pattern suggests that the Cd1x
FexSe ﬁlms are nanocrystalline in nature with hexagonal phase
of FeSe and CdSe. The Cd0.5Fe0.5Se ﬁlms show well deﬁned
network of nanotubes which can be utilized in various opto-
electronic devises. The spray deposited Cd1xFexSe thin ﬁlms
show variation in optical band gap, resistivity and activation
energy depending on compositional parameter ‘x’.Acknowledgement
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